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Abstract

First studies of the performance of the k; jet algorithm and its implementation in CMSSW are sum-
marized. Jet efficiency, response and resolutions in QCD events and the performance of the algorithm
in the selection and reconstruction of hadronic decays of weak bosons are presented. The new pile-up
and underlying event subtraction method provided in the FastJet package has been tested and first
results are also shown.



1 Introduction

The k; clustering jet algorithm [1] in the longitudinally invariant form is a collinear and infrared safe algorithm,
which is suited for hadron colliders.

In this study the jet search is performed in the laboratory frame, using as input calorimeter towers (CaloTowers) or
stable hadrons. In the following discussion, k; ; denotes the transverse momentum, y; the rapidity, ¢; the azimuthal
angle of object 7 and D is the distance or radius parameter. For each pair of objects, the quantity

[(yi — y5)* + (¢ — ¢5)°]
D2

dij = min(k7 ;, k7 ;) -

is calculated. For each individual object, the quantity d; = (kt,i)Q is also calculated. If, of all the values {dij, d;},
dy; is the smallest, then objects k and [ are combined into a single new object. If, however, dy, is the smallest, then
object k is considered a jet and is excluded from further clustering. The procedure is repeated until all objects were
assigned to jets.

In the old CMS reconstruction framework ORCA [2] and within the initial versions of CMSSW [3] up to version
1.2.X, a CMS internal implementation of the k; algorithm was used. Starting with the 1.3.X CMSSW series, two
external implementations were introduced: the library KtJet [4] and a version of the algorithm included in the Fast-
Jet package [5]. The k; implementation of FastJet includes optimizations that make the jet-finding algorithm much
faster than the traditional one, i.e. the time spent for the reconstruction of an event is much smaller. The FastJet
package also includes additional features such as the pile-up subtraction on an event-by-event basis discussed later
in this note. Apart from the k, algorithm, the FastJet package comprises interfaces to other jet-finding algorithms
not used in the studies presented here.

Figure 1 shows the time distribution spent per event by the standard k. algorithm and the FastJet implementation
of it. The samples used for this comparison are standard QCD events generated for validation purposes without
and with addition of in-time pile-up contribution for a low-luminosity scenario, £ = 2 - 1033 cm~2s~!. The
calorimeter towers (CaloTowers) were used as input and the D-parameter (sometimes also called R-parameter)
of the algorithm was set to a value of 1. The FastJet implementation shows a substantial improvement in speed.
Also shown is the timing of the simple Iterative Cone algorithm which is used in the trigger at CMS. The FastJet
implementation of the k. algorithm has a comparable speed to the Iterative Cone algorithm and is less sensitive to
the CaloTower input E); threshold applied on top of the noise suppression cuts (Scheme B thresholds [6] have been
applied in all cases).
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Figure 1: Top plot: Distribution of time spent per event by the KtJet implementation of k; (red), the FastJet
implementation of the k; (blue) algorithm and the Iterative Cone (green) for calorimeter jets. Bottom plots:
Comparison of the timing distributions of the FastJet implementation of the k; algorithm and the Iterative Cone
with (left) no cut and (right) with a cut of E; > 0.5 GeV on the input calorimeter towers.



2 k; Algorithm validation in CMSSW

In this section, the output of two different implementations of the k; algorithm, the KtJet and FastJet packages, is
compared for a standard setting of parameters. Ideally, the results should be identical, any observed difference will
come from details of the implementation. Since in future versions of the CMS software only the FastJet package
will be used, this comparison is crucial to assure a clean transition.

2.1 Analysis Procedure and Event Selection

Standard QCD dijet events were generated with PYTHIA [8] and simulated with CMSSW 1.3.1. In each case two
different inputs were used: the four-vectors of the generated stable particles in the event and the four-vectors of the
calorimeter towers after the detector simulation. Two output jet-collections were produced which are respectively
called generator level jets (GenJets, also particle jets or hadron jets) and calorimeter jets (CaloJets).

For both KtJet and FastJet the following parameters were used:

the D-Parameter is set to 1

all stable particles are taken as input for reconstructing GenlJets

Calo towers with Er > 0.5 GeV are used as input for the reconstruction of CaloJets

the output was restricted to Jets with pp > 1.0 GeV.

The distribution of the transverse momentum of jets produced from the Monte Carlo (MC) samples is shown in
Fig. 2. The events are generated within the two ranges of 50 — 80 GeV and 800 — 1000 GeV of the transverse
momentum pr of the partons participating in the hard interaction.
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Figure 2: Calorimeter and generator jet pr distribution from the FastJet package.

2.2 Matching Results

The closest jets of both collections have been matched according to their distance in

AR =/[A¢]" + [Ay), (1

where A¢ and Ay are the differences of the four-vectors in the azimuthal angle and the rapidity, respectively.
When the four-vectors from stable particles of generated events, which are known at the level of double precision
i.e. up to 15 decimals, are used as input of both implementations of k¢, no difference in the jet output can be
observed within the selected events. This means that A R and the difference in pt of matched jets is equal to zero
to this order of precision. Additionally, every jet of every event has a match in the other collection.

When applied on calorimeter towers which are stored in single precision in the event files, there is a slight difference
in the output jet-collections of FastJet and KtJet. About 1.5%0 of the jets do not match on the level of double
precision as listed in Table 1. In Fig. 3 the relative difference in transverse momentum of all jets is shown to
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Figure 3: Relative difference of the jet transverse momenta of the matched jets from FastJet and the KtJet packages
for Left plot: generator input in double precision and Right plot: calorimeter input in single precision.
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Figure 4: Difference in AR of FastJet and KtJet matched jets for Left plot: generator input in double precision
and Right plot: calorimeter input in single precision.

differ with an RMS of 6.34 - 10~3. The right plot in Fig. 4 shows the difference in AR, which shows an RMS of
6.57 - 1073,

Figure 5 (right) shows the pr of all jets which have a different pt on the level of double precision. This distribution
is similar to the pr distribution of all jets, as is shown in Fig. 2. The relative differences in p are small in most
cases, which indicates that only occasionally constituents become clustered into different jets.

2.3 Differences in the Implementation

One difference of both algorithms is the different treatment of four-vectors with negative mass squared in case of
the rapidity calculation, as well as a different way of calculating the rapidity numerically. The FastJet package has a
special four-vector implementation called PseudoJet, which checks the created four-vectors during the initialisation
step and fixes the mass squared to be positive or zero. Using

ki =P+ P )

Table 1: Output of both algorithms for matched jets according to the closest distance AR

Input Type | Number of Jets | Number of Different Jets | Number of non-matched jets
MC particles 1710285 0 0
calo towers 754869 1135 183
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Figure 5: Distributions of jets which are clustered differently in KtJet and FastJet. pr distribution of jets which
Left plot: have not been taken into account for matching and Right plot: do not have equal pt up to double
precision.

it sets the rapidity to a very large value of sign(P,) - (10° + |P,|) in the rare case of E = |P,| and k? = 0. The
rapidity is calculated as

k? + max(0, (E + P,)(E — P,) —k?)> 3)

1
=F-1
T ( (B+P.)?
For P, > 0 the minus sign is selected in Eq. 3.

In contrast to that, the KtJet package has a four-vector implementation which derives from a CLHEP [7] four-
vector and has some additional features built in. The rapidity calculation takes place within the CLHEP part. Also
in this case some properties of the four-vectors are checked. Four-vectors with |E| < |P,| are not accepted and
an exception is thrown. However, four-vectors with |E| < |P|, which are not rejected by the first condition, are
accepted. In this case the rapidity is calculated using

1 (E+P.
=1 . 4
Y QH(EPZ) ®

Both ways of calculating the rapidity have a different approach for handling particles with negative mass squared
(so-called tachyonic particles / masses). While KtJet would act like mirroring the mass at zero, FastJet would fix
it to zero. In addition they are differently affected by numerical fluctuations.

2.4 Jet Constituents in CMSSW

As an example of problems which can arise, the jet constituents as currently employed in CMSSW are discussed.
If the input four-vectors are derived on the fly in double precision, as done in Fig. 6 left for generator particles,
negative mass squares do not appear. If, however, the input four-vectors are read in from data files, where they
have been written in single precision to reduce storage requirements, the change in numerical precision alone
when casting to double precision may already lead to negative mass squares, see Fig. 6 right for example for
calorimeter towers. Consequently, discrepancies in jet reconstruction between the two discussed implementations
can be observed.

2.5 Rapidity Calculation

Figure 7 shows the difference in rapidity when either the FastJet or the KtJet method is applied to calculate the
rapidity of the same input four-vector. For towers with tachyonic masses the calculation leads to remarkable

differences in rapidity on the scale of £10~2, which leads to a different clustering of towers. Despite these major
differences, also for E;E‘Pl > 0 small differences of the order of £107% can be seen, which also can lead to a
different clustering, but with less total effect than for the E_E‘Pl < 0 case. The same holds true for the input of

E—|P
Genlets, where % < 0 occurs.
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Figure 6: E_T‘Pl distribution for the example of Left plot: generator particles in double precision and Right plot:

Calorimeter Towers read from storage in single precision.
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Figure 7: Difference of the rapidity calculation in FastJet and KtJet for Left plot: generator input in double
precision and Right plot: calorimeter input in single precision.

2.6 Fixed Input Collections
If one fixes the jet input for input four-vectors with E — |P| < 0to E = |P| + ¢, with

1 |E]
— 5
100000 100000 ®)

the difference observed within the matching procedure is strongly reduced, as can be seen from Table 2. In this
case the algorithms have produced exactly the same number of jets for all events and only a very small fraction of
the matched jets differ in pr.

€

In this section the effect of tachyonic masses of the input four-vectors has been shown to contribute to a different
clustering of both k¢ implementations. The fixed outputs are not identical, which arises from the different numeri-
cal behaviour of both rapidity calculation methods. This only is observable when calorimeter input is used, where
numerous inputs have exactly equal coordinates due to the fact that towers ¢ and 7 coordinates are derived from
the geometrical arrangement of the objects within the detector. Thus small differences in this value can lead to a
different value of the resolution parameter, thus clustering an input object into a different jet. Despite the case of
ill defined input vectors, both implementations of the k; algorithms have shown to produce the same collection of
jets.

Table 2: The jet output of both algorithms is matched according to closest A R-Distance for corrected jet input

Input Type Number of Jets | Number of Different Jets | Number of non-matched Jets
MC particles (double precision) 1704270 0 0
CaloTowers (single precision) 754773 3 0




3 Jet Efficiency, Response and Resolutions

The response of calorimeter jets reconstructed with any jet clustering algorithm is defined with respect to the
hadron-level transverse energy E5™ of the jet as

Ecalo

% . (6)

jet response =

E5™ is hereby derived for each jet algorithm by clustering all stable generated particles in the event, producing
a collection of reference jets (referred to as “generated jets”, “particle-level jets”, or “hadron-level jets”). The jet
response is measured using a QCD dijet MC sample generated with the PYTHIA event generator and processed
with the full CMS detector simulation (CMSSW 1.2.3) and event reconstruction (CMSSW 1.3.1). The same sample

was used to derive the official CMSSW 1.3.1 jet energy corrections (JES) [9].

Only calorimeter (reconstructed) jets which can be associated with a generated jet in 1-¢ space through

AR =\/[An]* + [A¢]* < 0.3 (7

are considered. The AR distribution for the studied jet algorithms is shown in Fig. 8 for two D parameter values
of 0.6 and 1 in different pt regions. The matching between the calorimeter jets and the generated jets improves
substantially as pr increases.

Figure 9 shows the reconstruction efficiency as a function of generated jet pr in the barrel- (|| < 1.4), endcap-
(1.4 < |n| < 3.0), and forward- (3.0 < || < 5.0) regions. The jets reconstructed with D=0.6 have a faster turn-on
in the reconstruction efficiency as a function of p§™. Figure 10 shows the reconstruction efficiency as a function of
generated jet pr for a relaxed matching criteria of AR < 0.5. Figures 11 shows the reconstruction efficiencies as
a function of 7 in different pgf"n regions ([15,25], [40,50], [100,300] GeV). The reconstruction efficiency improves
as pr increases. Figure 12 shows the reconstruction efficiency as a function of 7 for a relaxed matching criteria of
AR < 0.5. The reconstruction efficiency eggco is hereby defined as the ratio of the number of generated jets that

matched a calorimeter jet to the total number of generated jets.

To measure the response as a function of E£™, the sample is divided in bins of E5™. The jet response distribution
Ege/ E5™ in each bin is fitted with a Gaussian. The mean of the fit is considered as the jet response of the bin,
while the width of the Gaussian is interpreted as the absolute jet resolution o( E$°/ ES™). The jet response as a
function of E™ is finally derived as the fitted jet response versus the mean of the E5™ distribution in each bin.
As the jet response distributions show sizeable asymmetric non-Gaussian tails at low pr, the fit range is limited to
the mean +1.5 - RM S of the distribution. Figure 13 shows the resulting response for jets reconstructed with the
FastJet implementation of the k; algorithm. The response is computed before (left) and after (right) the official
CMSSW 1.3.1 jet energy corrections are applied. Jets generated in the barrel, endcap, and forward regions of the
calorimeter are treated separately. The jet response obtained with a D parameter value of 0.6 is similar to the one
obtained with a value of 1.

The relative energy resolution
OB/ EY)
lo / pgen
5 B

is shown in Fig. 14. The individual points are fitted with the function

®)

2 b 2
a
- -7 2
(Eé’f") + ( T%e"> +ec )
and the extracted resolution parameters are given in the legend of each figure. The energy resolution is slightly

improved with a D parameter values of 0.6 compared to 1. The n and ¢ position resolutions are shown in Fig. 15
and 16. The position resolution improves substantially with a D parameter values of 0.6 compared to 1.
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Figure 8: AR distribution for different k¢ algorithm D parameter values of D=0.6 and D=1 in different p regions.
Results using the FastJet and KtJet package are also compared.
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Jet Response as a Function of ET: Fast KT D=0.6

Jet Response as a Function of ET: Fast KT D=0.6 corrected
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Figure 13: Jet response Er/E5™ as a function of generated jet E for jets reconstructed with the FastJet imple-
mentation of the k; algorithm with D=0.6 (top) and D=1 (bottom) before (left) and after (right) application of the
official CMSSW 1.3.1 jet energy corrections.
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Figure 14: Jet energy resolutions as a function of generated jet E'r for jets reconstructed with the fast k; algorithm

with Left plot: D=0.6 and Right plot: D=1. The standard CMSSW 1.3.1 jet energy corrections are applied before
the resolution is extracted.
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Figure 16: ¢-resolutions as a function of generated jet Er for jets reconstructed with the FastJet implementation
of the k; algorithm with Left plot: D=0.6 and Right plot: D=1 (fits are not shown due to their bad convergence).

4 Energy Distribution within a Jet

Although in the k; jet clustering algorithm the objects (particles, towers, tracks or partons) are combined based on
their relative transverse momenta, the resulting jet is mainly localized in y — ¢ space. In other words, although &,
clustered jets do not have a precise boundary in physical space, the jet properties are similar to the properties of
jets clustered by the cone clustering algorithms. This can be seen by studying the energy distribution within a jet
which is characterized by the differential jet shape, p(r), defined as

B S Pr(r—Ar/2,r + Ar/2)
o Ar Y Plet

p(r)

where the sum is over all the jet constituents in the range (r — Ar/2,r + Ar/2) in the numerator where r =
\/(yjet —Ye)? + (Djet — ¢c)? With (Yjer, @jer) and (yc, ¢.) being the position of the jet and the constituents. The
denominator > P7¢ is the scalar sum of the transverse momenta of all the jet constituents.

Figure 17 shows the jet shape distribution p(r) as a function of the distance from the jet centroid for kr-jets from
a dijet MC sample generated and simulated using CMSSW 1.3.1. The particles and calorimeter towers belonging
to the reconstructed jets are used for jets with 50 < Pj7¢* < 80 GeV. As expected, in contrast to the cone jets,
k7 jets extend to a larger area in physical space and do not have a sharp cut off. However, most of the energy is
concentrated at the core of the jets. The particle jets include the particles down to very small momenta and thus
have large area. The calorimeter jets are reconstructed from towers which have minimum Er > 0.5 GeV and
pass scheme B thresholds. These threshold requirements limit the area of the jets. In addition, charged low energy
particles do not reach the surface of the ECAL due to the large magnetic field in CMS.

The differential jet shape of the particle jets is compared with the calorimeter jets in Fig. 18 for D parameter values
of 0.4, 0.6 and 1.0. The particle jets extend to a larger physical area than calorimeter jets. Quantitatively, 90% of
the jet energy is confined to r < 0.25,0.37 and 0.63 for D = 0.4, 0.6 and 1.0 particle jets while for calorimeter
jets the values are » < 0.27,0.37 and 0.55, respectively.

The fraction of jet transverse energy outside = 0.5 is 1%, 5% and 15% for D = 0.4, 0.6 and 1.0 respectively for
particle jets which can be compared to 1%, 4% and 12% for the calorimeter jets.
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Figure 17: Normalized transverse energy density distributions, p(r) for particle (left) and calorimeter (right) kr
jets reconstructed using the clustering parameter D = 0.4, 0.6 and 1.0. As expected, the jets occupy larger area as

the D parameters increases.
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5 k; Performance in Reconstruction of Hadronic Decays of Weak Bosons
in Different Energy Regimes

In this section studies are presented of the performance and robustness of the k; jet-finding algorithm for hadronic
decays of standard model weak bosons and of a possible new Z'boson at the TeV scale. These benchmark de-
cays serve to test the different regimes of jet reconstruction at CMS: the low energy (Z boson), more complex
environment involving many jets (W boson from top pair production) and higher energy collimated jets ).

5.1 Samples Used

Z)Z'

q q
Figure 19: Left plot: Diagram of Z or VA decay into two quarks. Right plot: Diagram of top pair production from
gluon-gluon fusion with the lower W decaying into two quarks and the upper one into two leptons.

The following event samples were generated at the parton level using the MadGraph [10] matrix element generator:

e Hadronically decaying Z bosons: Z — ¢q with mass mz = 91.18 GeV, 7000 events.
e Hadronically decaying Z'bosons: Z — qq with mass m = 700 GeV, 5000 events.
e Semileptonic top pair decays: tt — bbW W~ — bblrqg, 9150 events corresponding to a total luminosity

of 25 pb~!. The mass of the W used for the generation was 80.4 GeV.

These parton level events were interfaced to the Pythia Monte Carlo simulation, version 6.227, that performed the
parton showering and hadronization. This was done using the MadGraph interface package in CMSSW 1.3.1. The
underlying event model Tune A was used. For all the above samples, events were generated with and without
inclusion of in-time pile-up events in the low-luminosity scenario, £ = 2 - 103 cm~2s~!, with a mean of 5
interactions per event. The schematic diagrams for these samples are shown in Fig. 19

5.2 k¢ Setting and Inputs

The implementation of the k; jet-finder in CMSSW1.3.1 is the one from the FastJet package version 2.0. Six
different values of the “radius” parameter were used in this study, D = 0.4,0.5,0.6,0.7,0.8,0.9.

For jet finding at the generator hadron level the input consists of all stable particles (decay length larger than
10 mm), including neutrinos. No cut is applied on the transverse energy of the input particles at this level.

At the detector level three different inputs were used, so three cases are distinguished:
1. Calorimeter: the calorimeter towers above a transverse energy of 0.5 GeV are used as input to the jet recon-

struction.

2. Tracking: charged tracks reconstructed using the Kalman filter (so called CTFWithMaterialTracks) with
pr > 0.9 GeV are used as input.

3. Particle Flow: the particle flow (PFLOW) algorithms in CMSSW 1.3.1 are run and PFLOW candidates are
reconstructed. The jet-finding is then run over these PFLOW objects.

From now on the jets resulting from the above reconstruction will be referred to as Hadron (Particle) Jets, Calo
Jets, Track Jets, and PFLOW Jets, respectively.
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Figure 20: W mass as reconstructed from the partons (left) and from hadron level jets with D=0.4 (right). The
plots include the Breit-Wigner fit used to extract the mass and the width.
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Figure 21: Left plot: Reconstructed Z mass at the detector level using k; jets with D=0.6 for uncorrected and
corrected (blue triangles) jets. The Breit-Wigner fit and the extracted values for the mass and the width are also
shown. Right plot: Width / mass of the Z at the detector and hadron level for different inputs and increasing
D-parameter values of the k; jet-finding algorithm in the range 0.4 to 0.9.

5.3 Event Selection

For the Z and Z' analysis, events were selected with at least two hard jets: |njet| < 2.4, prjet > 10 GeV. The
jets were accepted if matched with the originated quarks from the boson decay within a AR in the (7, ¢) plane
smaller than 0.3 units. The efficiency of this matching criterion was calculated. The matched jets are used for the
reconstruction of the Z/Z mass.

In the analysis of hadronic decays of W in top quark pair production, events were selected with the following
conditions:

e Have a single isolated lepton

— if the lepton is an electron: py > 26 GeV and |Dejectron| < 2.4
— if the lepton is a muon: py > 20 GeV and |n,| < 2.1

— for a lepton to be isolated: |Z(R = 0.2)| < 0.1, where the isolation variable Z is defined as the relative
difference between the transverse momentum of the lepton and the sum of transverse momenta of the
charged tracks within a cone of radius R = 0.2 from the lepton in the (1), ¢) plane.
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Figure 22: Reconstructed W mass at the calorimeter level using k; jets with D=0.6. Points using calorimeter cells
as well as points with two different jet energy scale corrections are shown. The Breit-Wigner fit and the extracted
values for the mass and the width are included for each set of points.

e Have four hard jets after the removal of the jet corresponding to the isolated lepton. The jets must pass the
cuts: |njet| < 2.4, prjet > 25 GeV.
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Figure 23: Left plot: Width / mass of the W at the hadron and detector level for different inputs and different
parameters of the k; jet-finding algorithm. Right plot: Width / mass of the Z at the hadron and detector level for
different inputs and different parameters of the k; jet-finding algorithm.

A global matching was performed between the hard jets and the two b-quarks from the generator level partons by
minimizing the distance between the jets and the partons. If two jets were tagged as b-jets, the other two hardest
jets were considered to be the light-quark jets. Furthermore both b-jets and light-jet candidates were required to be
within 0.2 units in (7, ¢). The tagged light-quark jets are used for the reconstruction of the W mass.

5.4 Reconstruction of Mass and Width of the Bosons

After di-jets were selected with the procedure explained in the previous section, the invariant mass of the di-jet
system was constructed and fitted with a Breit-Wigner function:

1 r

o (x— M)2+T12/4° (10)

p(x) =
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where x is the variable (dijet mass), M is the value of = at the maximum of the distribution and I" the full width
at half maximum of the distribution. M and I" correspond to the mass and the width of the particle decay. One
example of such a fit is shown in Fig. 20 for the case of the W boson decay at the parton level, using the partons into
which the W decays, and at hadron level using the hadron level jets with the k; algorithm with radius parameter
D =04.

The reconstructed dijet mass for Z decays at the detector level for calorimeter, track, and PFLOW k; jets with
radius parameter D = 0.6 is shown in Fig. 21. Also shown are the calorimeter jets where the standard Monte
Carlo jet energy scale (MClet) correction has been applied. The vertical line on the plots shows the mass of the
Z boson. The mass of the Z as reconstructed with calorimeter jets is below the generated mass. This is due to the
fact that no JES calibration has been applied yet. When the standard JES calibration is applied a larger value for
the mass than the real one is reconstructed. The overcorrection is due to the fact that the correction is calculated
for jets initiated largely by gluons, while the Z decays into two quarks. This is demonstrated in Fig. 22, where the
Z decays are used for calculating quark-JES corrections that are then applied to W decays, which are also quark
initiated. One can clearly see that the points with the quark-JES correction (downwards triangles with label quarks)
have a peak very close to the real W mass while the points with standard corrections (upwards triangles with label
CorCalo) are above the real W mass. The PFLOW jets give a reconstruction of the mass closer than calo jets to
the generator level one. Track jets have a better calibration of the energy of the input particles but only 2/3 of the
particles are charged, while 1/3 are neutral, on average. Therefore, track jets also give a reconstructed mass below
the real value.

The ratio of the reconstructed width / mass of the Z at the detector level is shown in Fig. 21 (right). The points of
the same shape (and color) represent the same input but for different D-parameters. The uncalibrated calorimeter
level jets underestimate the real mass of the Z. The same holds true for the track jets, but if one takes into account
that only 2/3 of the particles are charged and multiplies the reconstructed mass with track jets by 3/2 the value
comes very close to the real one. Also PFLOW jets underestimate the Z mass but are much closer to it than
calorimeter jets, which means that an eventual MC correction for PFLOW jets will be much smaller. The ratio
values are similar for all three inputs. Also the results from generator level plots are shown. Of course they have
a much better (smaller) width / mass ratio and their values are very close to the real one but a spread is observed
in the reconstructed mass as a function of the D-parameter. The larger the D-parameter the more the Z mass
is over-estimated. The same effect has been observed using other jet algorithms (for example, MidPoint Cone).
This spread at the generator level is due to the underlying event (UE) contribution. The UE leads to production of
particles with small transverse momenta which are clustered in the jets leading to the increase of the reconstructed
jet transverse energy. Of course, the wider the jet (the larger the D-parameter) the larger will such an effect be.
The same effect is not observed at the detector level, where the spread is smaller, because most of the (charged)
low energy particles are swept away by the very large (4 T) magnetic field of the CMS solenoid and never reach the
surface of ECAL. Also the calorimeter jets are reconstructed from towers which have minimum thresholds applied
which further reduces the contribution of low energy particles. The subtraction of the UE at the generator level in
order to correct for this effect is shown in the next section.

The results for W decays are very similar to those of Z decays. The summary of those results is shown in Fig. 23.
As far as the track jets are concerned, the naive multiplication of the reconstructed mass by 3/2 does not seem to
work here as in the case of the Z. The topology of the event in the W case is not as clean and not as inclusive as in
the case of the Z.

The conclusions of the study for Z'hadronic decays are similar to those of the Z. The difference for Z'is that
the PFLOW and tracking algorithms as of CMSSW1.3.1 do not seem to perform as well (an optimization of the
PFLOW algorithms is ongoing in more recent CMSSW versions). The summary plot of width / mass for Z'is
shown in Fig. 23.
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6 Pileup and Underlying Event Subtraction
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Figure 24: Width / mass of the Z at the hadron level also with application of the underlying event subtraction

A procedure for an event-by-event subtraction of pile-up (PU) and underlying event (UE) background is imple-
mented in the FastJet package. The subtraction procedure relies on the infra-red safety of the k; algorithm. The
area of each jet in the event is calculated by filling the whole (), ¢) space with ghost particles of small energy and
then rerunning the clustering. Afterwards the number of these ghost particles clustered in each of the newly found
jets are used to calculate the area of the (original) jets. The density of the transverse momentum is calculated for
each jet as pr /A, where pr is the transverse momentum of the jet and A its area. The median of the densities
of all jets times the jet area is calculated and subtracted from the jets above a certain pr cut. For the background
subtraction in this study the following settings were used: 7, = 6, active area repeats = 1, ghost area = 0.01. A
detailed explanation of the meaning of these parameters and the subtraction procedure is given in [5].

Both the underlying event and the pile-up interactions give approximately a constant contribution to the pr of the
jetsin (7, ¢). The PU backgrounds depends on the luminosity while the UE contribution depends on the hardness
of interaction. The FastJet package gives the possibility to perform more complicated (non-constant) background
fits and further studies in this direction are ongoing both for proton-proton and for heavy ion collisions. The
subtraction procedure is tested here both for the subtraction of UE and of PU. In the case of PU also the UE is
subtracted at the same time as the procedure makes no distinction between two constant backgrounds.

As shown in the previous section, the UE will cause an artificial over-estimation of the reconstructed Z mass in
hadronic decays at the generator level. This effect can be corrected for if we apply the background subtraction.
This is shown in Fig. 24 where the points with the subtracted UE have a much smaller spread than the points with
the contribution of UE.

The subtration of the PU contribution is shown in Fig. 25. The reconstructed Z mass without and with the inclusion
of PU is shown together with the reconstruction that performs the background subtraction. On the left plot the
Z invariant mass reconstructed from calorimeter jets with D=0.7 is shown. The application of the background
subtraction helps to correct the mass back to the no pile-up case and partially improves the width of the Z. The
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Figure 25: Left plot: Mass of the Z at the detector level for calo k; jets with D=0.7 with addition of pile-up and
application of the pile-up subtraction. Right plot: Width / mass of the Z at the detector level for calo k; jets of
different D-parameter with addition of pile-up and application of the pile-up subtraction.
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absolute value of the mass peak is lower than the real Z mass since the calorimeter jets are uncorrected, as already
explained. On the right plot of Fig. 25 the effect can be seen for different D-parameters. Clearly, the wider the jet
the larger is the effect of PU. The subtraction procedure seems to work nicely for all of them correcting back to
al/most the same value of the mass. The PU subtraction has been observed to work the same way for the W and
Z cases.

7 Conclusions

First studies of the performance of the k; jet algorithm in CMSSW have been performed. The fast implementation
of the k; from the FastJet package has been validated and will be the default k; algorithm used in CMS in the
future. This implementation was measured to be approximately 40 times faster than the standard implementation
of the k; when run on calorimeter towers. The produced jet collections are, as expected, identical as long as care
is taken in order to avoid ill-defined input four-vectors with negative mass squares. The time spent per event of the
fast implementation is similar to the one of the simple iterative cone jet finder.

The jet reconstruction efficiency as a funtion of pr and 1 has been studied. The efficiency turns out to be larger
with a D parameter of 0.6 compared to 1. The differences in efficiency observed in the different calorimeter regions
is reduced as pr increases. The jet response has been studied and is similar with a D parameter of 0.6 compared to
1. The jet energy resolution slightly improves with a smaller D parameter value of 0.6 and the position resolution
improves substantially with a D parameter of 0.6 compared to 1.

Differential jet shapes have been studied. It has been seen that 90% of the jet energy of the calorimeter level jets
is confined to » < 0.27,0.37 and 0.55 for values of D = 0.4,0.6 and 1.0, respectively, where r is the distance
between the jet position and its constituents.

Hadronic decays of Z/Z' and W have been used as a testbench for the performance of the k. jet finder. The k; algo-
rithm performs well in the reconstruction of these hadronic decays. A general preference for lower D-parameters is
observed as narrow jets are less influenced from underlying event and pile up contributions. The hadronization fac-
tors might be larger for these narrower jets, though. Standard CMS JES corrections overcorrect the reconstructed
mass of Z and W with respect to the true (generator level) value. This is due to the fact that standard corrections
are calculated for jets initiated largely by gluons, while Z and W decay into two quarks. If the jets coming from Z
decays are used to derive new quark-JES corrections and these corrections are subsequently applied to W decays
a proper recontruction of the W mass is obtained. The event-by-event background subtraction method provided
in the FastJet package has been successfully tested and has shown a good performance in correcting for effects
of both underlying event and pileup. These studies about the PU / UE subtraction are preliminary and show the
potential of the method. Further detailed studies are ongoing.
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